Background/Aims: Platelets are essential mediators of hemostasis to avoid excessive blood loss. Cirrhosis and chronic liver diseases are characterized by alterations in hemostasis. Alterations in the secondary hemostasis have been well studied, while defects in primary hemostasis, especially the consequences of cholestatic liver disease on platelet function are not well defined. Methods: After bile duct ligation (BDL) platelet activation and thrombus formation were analyzed in mice. Results: BDL in mice had a moderate effect on platelet counts; however, intrinsic platelet activation was strongly reduced upon activation of the collagen receptor GPVI at early time points. 7 days after bile duct ligation, platelets displayed an almost complete loss of activation with reduced agonist-triggered release of alpha and dense granules and expression of integrin α IIb β 3 on the platelet surface. This activation defects resulted in strongly reduced thrombus formation under flow, reduced platelet adhesion to fibrinogen and bleeding complications in BDL mice as measured by tail bleeding experiments. Mechanistically, elevated nitric oxide and prostacyclin levels induced phosphorylation of Vasodilator-stimulated phosphoprotein (VASP), an established inhibitor of platelet activation. Furthermore increased tissue plasminogen activator in plasma of BDL mice led to enhanced plasmin levels that might be responsible for reduced glycoprotein expression of BDL platelets. Besides, high amounts of bile acids contribute to defective signal transduction as shown in platelets from mice fed with a cholic acid diet. Conclusions: Cholestatic liver disease induces multiple platelet activation defects and impairs thrombus formation responsible for bleeding complications at least in mice.
Introduction
Platelets are the major players in hemostasis. Upon vessel injury they become activated to form a hemostatic plug important to avoid excessive blood loss. However, uncontrolled platelet activation and aggregation can induce acute thrombotic complications leading to vessel occlusion at sides of atherosclerotic plaque rupture, the most significant pathophysiological mechanism leading to myocardial infarction or ischemic stroke [1, 2] .
Platelets originate from megakaryocytes in the bone marrow. Upon vessel injury subendothelial matrix components are exposed to blood cells leading to platelet adhesion and aggregation. The initial contact is mediated by platelet glycoprotein (GP) Ib to von Willebrand factor (vWF) bound to exposed collagen. This step allows binding of platelet collagen receptor GPVI to exposed collagen leading to platelet activation with subsequent Ca 2+ mobilization, integrin α ΙΙb β 3 activation, cytoskeletal reorganization and phosphatidylserine exposure [1, 2] . Platelet activation includes degranulation of α− and dense granules to release the second wave mediators ADP and thromboxane important to propagate platelet activation [3] . Activated integrin α ΙΙb β 3 mediates firm adhesion via binding to vWF on exposed collagen and binds fibrinogen that leads to platelet aggregation and thrombus formation [4] . Furthermore thrombin is released from activated platelets to further activate platelets and to cleave fibrinogen to fibrin to stabilize the hemostatic plug [3] .
The hemostatic system is in a susceptible balance between pro-and anti-hemostatic processes to avoid on the one hand bleeding and on the other hand thrombotic complications. Liver failure and cirrhosis are characterized by alterations in secondary hemostasis and hemostatic disturbances. Many proteins involved in hemostasis are produced in the liver and a diseased liver has a reduced capacity to clear activated hemostatic proteins. Moreover, thrombocytopenia and platelet function defects as well as hypercoagulability may play a prominent role in liver disease [5, 6] .
While alterations in secondary hemostasis have been well studied, primary hemostasis has received less attention [5, 7] . Thrombocytopenia has been described in patients suffering from acute and chronic liver failure [8, 9] . Different studies in the past suggested that decreased platelet production is a consequence of low levels of thrombopoietin (tpo) in these patients. Moreover, a reduced half-life of platelets has been shown in some patients as well as the presence of chronic (low-grade) disseminated intravascular coagulation (DIC) [10] [11] [12] .
Beside low platelet counts upon liver failure, platelet function defects have been described. Platelet aggregation after stimulation with ADP, collagen and arachidonic acid and platelet adhesion to extracellular matrix proteins under flow using denuded segments of rabbit aorta was shown to be reduced. In patients with cirrhosis of the liver, inositol lipid and arachidonic acid metabolism in response to agonists was impaired [13] . Defective platelet-vessel wall interaction has also been described in patients with cirrhosis [14] . Impaired platelet activation and adhesion might be due to defective signal transduction in platelets from cirrhotic patients, an acquired storage pool deficiency [15] and decreased concentration of arachidonic acid that is important for thromboxane A2 production [16] . Furthermore, increased levels of cyclic nucleotides [17] and nitric oxide (NO) [18] might account for impaired platelet function in patients with liver failure.
However, more recent data provide evidence that abnormal hemostasis in patients with liver disease is not indicative for bleeding problems [19] ). Pre-operative correction of hemostatic abnormalities in patients with liver transplantation surgery provides evidence that this correction does not reduce but may in fact increase bleeding tendencies [20, 21] . Routine hemostasis tests fail to reflect hemostatic balance and are sometimes misinterpreted. Thus, additional studies are needed to define diagnostic and treatment strategies to prevent or treat bleeding in patients with liver disease [19] .
Although platelet numbers are decreased and various activation defects have been described in patients with chronic liver disease and cirrhosis, the consequences of cholestatic liver disease on platelet activation and aggregation is not well understood. Few
Flow cytometry
Flow cytometric analysis was performed as described elsewhere [31] . Briefly, two-colour analysis of murine platelet activation was performed using fluorophore-labeled antibodies for P-selectin expression (Wug.E9-FITC) and the active form of α ΙΙb β 3 integrin (JON/A-PE). Heparinized blood was diluted in Tyrode's buffer and washed twice. Blood samples were mixed with antibodies after addition of 1 mM CaCl 2 and stimulated with indicated agonists for 15 min at room temperature. Reaction was stopped by the addition of PBS and samples were analyzed on a FACSCalibur flow cytometer (BD Biosciences).
For analysis of glycoprotein surface expression blood samples were mixed with antibodies and incubated for 30 min at room temperature. Up-regulation of integrin expression was detected with antibody against integrin β3 chain (GPIIIa, CD61, Luc.H11, Emfret analytics).
Serotonin release 7 days after bile duct ligation, washed platelets from BDL mice and sham controls at a concentration of 0.4 × 10 6 /μL were activated with the indicated agonists for 2 minutes at 37°C and 400 rpm and immediately centrifuged. The level of serotonin released by platelets after activation with CRP and thrombin, respectively, was quantified using a Serotonin ELISA Kit (Enzo Life Sciences AG) according to the manufacturers' protocol.
Platelet adhesion under flow using the flow chamber
Cover slips (24 x 60 mm) were coated with 200 µg/mL fibrillar type I collagen (Nycomed) and blocked with 1% BSA. Tyrode`s buffer was prewarmed at 37°C. Mice were anesthetized with isoflurane and blood was taken from the retro-orbital plexus and collected in a tube containing 300 µL Heparin (20 U/ml in TBS). Whole blood was filled in a 1 ml syringe and perfused over a collagen-coated surface at shear rate of 1000 sec -1 and platelet adhesion and aggregate formation was evaluated from 6 different microscopic areas (x 20, Carl Zeiss) [30, 31] .
Platelet adhesion
Cover slips were coated with 200 µg/mL human fibrinogen and 250 µg/mL fibrillar type I collagen (Nycomed) at 4°C overnight and then blocked with 1% BSA. Washed platelets were resuspended at a concentration of 10 5 platelets/µL in Tyrode's buffer supplemented with 1 mM CaCl 2 . Platelets were seeded on cover slips and incubated at room temperature for 60 min [31] .
Quantification of tissue Plasminogen activator (ELISA)
Tissue Plasminogen activator (tPA) in plasma of BDL mice and sham controls was quantified 7 days after bile duct ligation in mice following the manufacturer's protocol (Uscn Life Science Inc., Tx, USA).
Quantification of prostacycline (PGI2) by ELISA
Prostacycline (PGI2) in plasma of BDL mice and sham controls was determined 7 days after bile duct ligation following the manufacturer's protocol (CUSABIO BIOTECH Co., LTD.).
Quantification of plasmin-antiplasmin complex (PAP) by ELISA
To determine the level of plasmin 7 in plasma of BDL mice and sham controls, plasmin-antiplasmin complex (PAP) was quantified 7 days after bile duct ligation following the manufacturer's protocol (CUSABIO BIOTECH Co., LTD.). (NO) and Nitrate/Nitrite by ELISA NO in plasma of BDL mice and sham controls 7 days after bile duct ligation was measured by quantification of the stable NO metabolites nitrate and nitrite following the manufacturer's protocol (R&D Systems Europe, Ltd., UK).
Quantification of total Nitric Oxide

Western Blot analysis
Vasodilator-stimulated phosphoprotein (VASP) phosphorylation was determined in platelets that had been incubated with the platelet guanylyl cyclase activator sodium nitroprusside (SNP), the platelet adenylyl cyclase activator prostaglandin I 2 (prostacyclin, PGI 2 ), phorbol 12-myristate 13-acetate (PMA) or in vehicle alone (rest). Platelets were sedimented by centrifugation and lysates were prepared, separated on SDS-polyacrylamide gel and transferred onto polyvinylidene fluoride (PVDF) membrane. Subsequently, the membrane was blocked using 5 % powdered skim milk in PBST (PBS with 0.1 % Tween 20) and probed with appropriate antibody. VASP phosphorylation was detected with phosphorylation specific antibodies (phospho-VASP (Ser157, #3111) and phospho-VASP (Ser239, #3114)); total VASP was detected with polyclonal antibody (#3112, Cell Signaling Tech.). Phosphorylation of PLCγ2 was determined with phosphorylation specific antibodies (phospho-PLCγ2 (Tyr759, #3874); total PLCγ2 was detected with polyclonal antibody (#3872, Cell Signaling Tech.). Western blot analysis was done as described above.
Histology
For the analysis of tissue injury in liver and megakaryocytes in spleen of bile duct ligated mice, fivemicron sections of paraffin-embedded samples were stained with hematoxylin and eosin.
For immunofluorescence staining of platelets paraffin-embedded liver sections of BDL and sham operated mice were stained with an anti-GPIbα monoclonal antibody (rat anti mouse GPIb⍺ (CD42b), Emfret Analytics, # M042-0, 1:100) followed by an Alexa-Fluor 568 labeled secondary antibody (goat anti rat, invitrogen, 1:250). Nuclei were identified using DNA staining with 4,6 diamidino-2-phenylindole dihydrochloride (DAPI, Roche, 1:3000). Green auto-fluorescence of erythrocytes was detected with an excitation maximum of 470 nm.
Bleeding time
Mice were anaesthetized with i.p. injection of ketamine/sodium pentobarbital solution and the tail was transacted 3 mm from the tip with a scalpel. The tail was immersed in normal saline (37°C). The time from the incision to the cessation of bleeding was recorded (no blood flow for 1 min) as described previously [30] .
Statistical analysis
Data are provided as arithmetic means ± SEM, statistical analysis was made by one-way ANOVA or student's paired t-test, where applicable.
Results
BDL causes megakaryopoiesis and temporary mild thrombocytopenia in mice
All bile duct ligated mice showed typical features of cholestasis such as jaundice, enlarged liver and spleen as well as abnormal liver function tests compared to sham operated controls ( Fig. 1A -B, Table 1, Table 2 ). As liver disease is often associated with thrombocytopenia or Table 1 . Liver and spleen weight of mice after 7 days (n = 3-8 per group) and mean platelet counts at different time points after BDL or sham surgery are shown (n = 5-7 per group). * p < 0.05, **p < 0.01, sham vs. BDL Table 2 . Serum analysis of animals 7 days after BDL. Liver enzymes (AST, aspartate aminotransferase; ALT, alanine aminotransferase) and alkaline phosphatase (ALP) and bilirubin were measured by LCMS. * p < 0.05, **p < 0.01, ***p < 0.001, sham vs. BDL
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Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry low platelet counts we analyzed the influence of cholestasis on platelet numbers at different time points (Table 1) . As expected, platelet counts decreased 24 h and 3 days after bile duct ligation but increased to normal levels at day 7. This might be due to megakaryopoiesis in spleen of BDL mice while no megakaryocytes were detected in spleen of sham controls (Fig.  1B ). The analysis of white blood cells (WBCs) and erythrocytes revealed increased WBCs 7 days post BDL. The number of red blood cells was not altered 24 h and 3 days post BDL, but slightly reduced 7 days after bile duct ligation without reaching statistical significance (for all online suppl. material, see www.karger.com/doi/10.1159/000475566, Fig. S1 ). 3 and 7 days post BDL platelets accumulate in vessels of the liver and in the sinusoidal space while almost no platelets were detected in the liver of sham control mice (Fig. 1C) .
Platelets show activation defects in response to stimulation of the collagen receptor GPVI 3 days after BDL
To analyze platelet activation, degranulation of α−granules (P-selectin expression) and integrin α ΙΙb β 3 activation (JON/A-binding) in response to different agonist concentrations were measured in washed whole blood using flow cytometry. Platelets without agonist confirmed resting state of platelets and served as negative controls. Interestingly, integrin activation in response to collagen-related peptide (CRP) known to stimulate the immunoreceptor tyrosine-based activation motif (ITAM)-coupled receptor glycoprotein (GP)VI was strongly impaired at all concentrations tested. G-protein coupled receptor (GPCR) stimulation with ADP+U46619 (thromboxane A2 (TxA2) analogue) led to decreased integrin activation as well, while P-selectin exposure was not affected when platelets were stimulated with ADP/ U46619 and thrombin, respectively ( Fig. 2A-B) .
To explore defective platelet activation under more physiological conditions, whole blood of BDL mice and sham controls was perfused over a collagen coated surface under flow to investigate platelet adhesion and thrombus formation ex vivo. Both platelets from BDL mice and sham controls adhered to the collagen matrix and formed aggregates. However, while platelets from sham controls were able to form large three-dimensional thrombi, only small aggregates and small thrombi developed with whole blood from BDL mice (Fig. 2C-D) . Thus, the surface covered by thrombi was significantly reduced using whole blood from cholestatic mice.
To elucidate the ability of platelets to adhere to different matrix proteins, cell adhesion experiments were performed. Platelets were allowed to adhere to collagen and fibrinogen, respectively and number of firmly adherent cells was analyzed (Fig. 2E-F) . After 60 min significantly reduced cell adhesion on collagen (Fig. 2F, upper panel) and fibrinogen (Fig. 2F , lower panel) was detected with platelets from BDL mice taken 3 days after bile duct ligation.
Taken together, cholestasis in mice induced defective platelet activation and adhesion leading to impaired thrombus formation under flow 3 days after bile duct ligation.
Strongly reduced platelet activation following stimulation of GPCR and ITAM coupled signaling pathways 7 days post BDL
Next we investigated if platelet activation defects 3 days after BDL are only temporary or if defective thrombus formation persists for a longer time period. Thus, platelet activation and adhesion in vitro and thrombus formation on collagen under flow ex vivo were determined 7 days after induction of cholestasis in mice. In contrast to early platelet activation defects after 3 days, we now found strongly reduced P-selectin exposure and reduced activation of integrin α ΙΙb β 3 with all agonists tested (Fig. 3A-B) . Interestingly, only high concentrations of thrombin led to platelet activation defects while intermediate concentrations showed reduced platelet activation only by trend without reaching statistical significance (Fig.  3A-B) . Moreover, degranulation of dense granules as measured by serotonin release after stimulation with CRP and thrombin, respectively, was reduced when platelets from BDL mice were analyzed compared to sham controls (Fig. 3C ). Again and according to activation defects observed with flow cytometry, we found significantly reduced thrombus formation on collagen under flow (Fig. 3D-E) . Furthermore, the analysis of platelet adhesion on collagen and fibrinogen, respectively, was impaired 7 days after BDL (Fig. 3F-G) . Another key regulator of platelet activation and calcium mobilization is the phosphorylation of PLCγ2. As shown in Fig. 3H -I, PLCγ2 phosphorylation in response to CRP was significantly reduced in platelets from BDL mice compared to sham controls indicating that platelet stimulation and calcium mobilization essential for integrin activation and degranulation is impaired upon cholestasis. Taken together, these data suggest that defects in platelet activation persist 7 days after BDL and might continue for a longer time period after induction of cholestasis independent of the platelet count.
Multiple defects are responsible for strongly reduced platelet activation following BDL
To investigate the mechanisms responsible for defective platelet activation we first examined the levels of the stable NO metabolites nitrate and nitrite by ELISA, because it is known that cholestasis induces altered nitric oxide (NO) metabolism [18] . As shown in Fig. 4A , high levels of nitrate and nitrite were detected in plasma of BDL mice 7 days after induction of cholestasis. In contrast, the concentration of prostaglandin I 2 (prostacyclin, PGI 2 ) was only slightly enhanced in plasma of BDL mice without reaching statistical significance (Fig. 4B) . High levels of NO and PGI 2 in plasma induce the phosphorylation of VASP via activation of the adenylyl cyclase (AC) and/or the guanylyl cyclase (GC) to enhance cAMP and cGMP levels followed by the activation of protein kinase A (PKA) and protein kinase G (PKG) and subsequent phosphorylation of VASP at Ser157 and/or Ser 239 [32] . To test if platelet inhibition is due to increased VASP phosphorylation, a potent inhibitor of platelet activation, we stimulated platelets with PGI 2 and phorbol 12-myristate 13-acetate (PMA) to analyze VASP phosphorylation at residue Ser157. We found a slight but significant increase in VASP phosphorylation upon PGI 2 treatment using platelets from BDL mice (Fig. 4C-D) . Further Western blot experiments showed that VASP is strongly phosphorylated at residue Ser239, when BDL platelets were stimulated with sodium nitroprusside (SNP) (Fig. 4C,  4E ) suggesting that enhanced production of prostacyclins and NO upon cholestasis affect platelet activation.
The expression of integrin α ΙΙb β 3 is highly up-regulated upon platelet stimulation and plays an important role in firm adhesion and platelet aggregate formation [4] To analyze agonist-induced expression of integrin α ΙΙb β 3 on the platelet membrane 7 days after BDL, mean fluorescence intensity of CD61-FITC was determined by flow cytometry. As shown in Fig. 4F , integrin expression at the platelet surface was significantly reduced with platelets from BDL mice compared to sham controls when platelets have been activated with CRP or thrombin to stimulate the ITAM-coupled and the GPCR signaling pathway in platelets, respectively (Fig. 4F) .
We next wanted to know if -beside increased phosphorylation of VASP and decreased up-regulation of integrin expression in BDL platelets-other mechanisms account for reduced platelet activation and thrombus formation after cholestasis in mice. The analysis of glycoprotein expression on the platelet membrane by flow cytometry revealed reduced expression of GPIb, GPVI, integrin α5 and integrin β3 on the membrane of BDL platelets (Fig.  4G) . Proteolysis of platelet receptors by plasmin is well known [33, 34] . To examine if high levels of plasmin are responsible for reduced glycoprotein expression of BDL platelets we measured tissue plasminogen activator (tPa) in plasma of BDL mice by ELISA (Fig. 4H) . tPa levels were strongly increased in plasma of BDL mice 7 days after induction of cholestasis. To test if increased tPa levels induce an increase in plasmin concentration, we determined plasmin-antiplasmin complexes by ELISA. In line with increased levels of tPa we found significantly enhanced plasmin-antiplasmin complexes in plasma of BDL mice 7 days after induction of cholestasis (Fig. 4I) providing evidence for plasmin induced proteolysis of platelet membrane receptors. However, activation-induced shedding of glycoproteins such as GPIb (see supplementary material, Fig. S2A ) and GPVI (Fig. S2B) was unaltered in platelets from BDL mice compared to sham controls. 
High levels of bile acids account for activation defects
Bile duct ligation is a well-known animal model for obstructive cholestasis and induces bile stasis, increased biliary pressure, bile infarcts and elevation of liver and serum bile acid levels. Bile acids have been shown to alter platelet activation [35] and aggregation [26] and are elevated in BDL mice and in mice fed with a cholic acid diet [36] . To test, if bile acids account for the observed activation defects of BDL platelets, a chow enriched with 0.5% cholic acid, a physiological bile acid in the mouse, was given ad libitum for 7 days. A control group was fed with standard rodent chow. No significant changes in platelet count (see supplementary material, Fig. S3A ) or numbers of other blood cells were observed after 7 days of cholic acid feeding (see supplementary material, Fig. S3B ). Flow cytometric analysis revealed moderately but significantly reduced P-selectin exposure and integrin activation (JON/A binding) following stimulation with CRP ( Fig. 5A-B) . No alterations in platelet activation were detected in response to ADP and ADP+U46619 (Fig. 5A-B) . However, thrombus formation under flow was not altered when whole blood from cholic acid fed mice was used compared to controls (Fig. 5C) . Adhesion of platelets to collagen (Fig. 5D) and fibrinogen (Fig. 5E ) again showed no differences between both groups.
Taken together, bile acids moderately alter platelet activation without affecting thrombus formation and platelet adhesion. Thus bile acids may account for activation defects in BDL mice.
Prolonged bleeding time in mice 7 days after BDL Bleeding complications have been described in patients suffering from liver disease and cirrhosis [5, 6] . To investigate the effects of defective platelet activation and thrombus formation on hemostasis, tail bleeding times of BDL mice and sham controls were measured after amputating the tail tip of mice. As shown in Fig. 6 , time to arrest bleeding at sites of a defined tail wound was not altered 3 days after bile duct ligation but strongly increased 7 days thereafter (314.0 ± 75.3 sec vs. 784.3 ± 21.0 sec, p = 0.0005). Thus, defective platelet activation and thrombus formation upon cholestatic liver disease impairs hemostasis that might lead to bleeding complications in mice.
Sustained defects of platelet activation in mice 21 days after BDL
Impaired platelet activation and thrombus formation was shown 3 days and 7 days after bile duct ligation (Fig. 2-3 ). To investigate, if activation defects continue over time, we measured JON/A binding 21 days after bile duct ligation. While platelet counts did not differ between BDL mice and sham controls (Fig. 7A) , we still detected reduced glycoprotein expression (Fig. 7B ) and defective integrin activation using different agonists that stimulate GPCR-and ITAM-coupled receptors (Fig. 7C) . This data suggests sustained defects of platelet activation after bile duct ligation in mice.
Discussion
The present study reveals that cholestatic liver disease lead -beside a transient mild thrombocytopenia-to massive platelet activation defects and critically altered thrombus formation under flow resulting in bleeding complications in BDL mice. According to the present observations multiple effects influence platelet activation and thrombus formation under conditions of cholestasis. Increased production of PGI 2 and NO by endothelial cells induced strong phosphorylation of VASP that together with high bile acid levels is responsible at least in part for defective platelet activation. Furthermore, decreased activation dependent expression of integrin α ΙΙb β 3 and reduced glycoprotein expression caused by high levels of tPa and plasmin impact platelet activation and thrombus formation. Taken together, these results indicate that cholestatic liver disease induces multiple platelet activation defects with impaired thrombus formation in vitro and defective hemostasis in vivo.
In the past different studies showed alterations in secondary hemostasis while less attention has been drawn to platelet activation and primary hemostasis, especially after induction of cholestasis [5, 7] . One aspect of altered hemostasis might be due to alterations in platelet counts. Mild to moderate thrombocytopenia has been described in patients with liver disease [5] that might be caused by altered levels of thrombopoietin, increased platelet sequestration in the spleen due to splenomegaly or reduced half-life of platelets [12, [37] [38] [39] . Upon bile duct ligation, we only measured moderately reduced platelet counts at early time points while platelet counts reach normal levels at day 7 post BDL suggesting that platelet activation defects are responsible for impaired hemostasis. Thrombocytopenia at early time points might be due to increased sequestration of platelets in the spleen and accumulation of platelets in vessels and in the sinusoidal space of the liver upon cholestasis (Fig. 1C) that is balanced by increased megakaryopoiesis in the spleen (Fig. 1B) . More important, cholestatic liver disease induced alterations in platelet activation leading to platelets that respond only weak to high doses of thrombin and show no responses at all to collagen receptor stimulation. Platelet function defects have been discussed for a long time in patients with chronic or acute liver disease. Platelet aggregation has been shown to be defective as well as platelet-vessel wall interactions [5] . However, signal transduction mechanisms underlying these defects are still missing although few studies tried to correlate increased NO levels upon experimental cirrhosis and impaired thromboxane production with impaired platelet function [16, 18] .
In the present study we provided strong evidence that different mechanisms affect platelet activation and thrombus formation. Decreased thrombus formation under flow conditions is due to decreased platelet counts (day 3 after BDL) and defective platelet activation. First, high levels of phosphorylated VASP suggest the formation of cAMP and cGMP caused by high NO and PGI 2 levels produced by endothelial cells under cholestatic conditions that strongly inhibit platelet activation [32] . Second, high tPA levels were described in patients with liver failure that may result from either enhanced secretion from ECs or diminished clearance by the diseased liver [40] . Different in vitro studies have shown that high plasmin levels lead to plasmin-mediated cleavage of platelet surface receptors such as GPIb [33] and α ΙΙβ β 3 [34] . Thus it is tempting to speculate that proteolysis takes place upon high tPA levels in plasma of BDL mice. This is further supported by high plasmin levels in plasma of BDL mice providing first evidence for reduced glycoprotein expression of platelet GPIb, GPVI, integrin α5 and integrin β3 upon cholestasis in vivo. Interestingly, inactivation of tPA accelerates liver injury after BDL [41] . This data was supported by other studies demonstrating a critical role for plasminogen activator inhibitor-1 (PAl-1) in cholestatic liver injury [42, 43] . PAl-1 deficiency protects bile duct ligated mice and correlates with increased tPA and reduces liver fibrosis through activation of tPA.
Third, high levels of bile acids might account for defective platelet activation although bile acids alone showed only moderate effects on platelet activation that did not result in impaired thrombus formation under flow. However, bile acid levels are higher in serum of BDL mice (Sham 5.7 µmol vs. 1.595 µmol/l 3 days after BDL and 1.252 µmol/l 7 days after BDL) compared to cholic acid fed mice (329 µmol/l) that might be responsible for the mild activation defects observed in mice with cholic acid diet [36] . In line with these results previous studies have demonstrated moderately but significantly reduced platelet aggregation after bile duct ligation in rats [26] .
Few studies in the past analyzed platelet activation after bile duct ligation in rodents. Altered Ca 2+ signaling was described in bile duct ligated rats [24] . Atucha and colleagues found increased Ca 2+ mobilization following thrombin stimulation. In contrast, defective calcium entry and mobilization after bile duct ligation in rats was shown before [44] [45] [46] . Calcium signaling is an important key mechanism in platelet function essential for integrin activation, degranulation and cytoskeletal reorganization of platelets [47] . Different mechanisms modulate calcium signaling in platelets such as upregulation of the calcium channel Orai1 at the platelet membrane after platelet stimulation [48] and modulation of cytosolic calcium activity by the calcium activated Cl-channel Ano6 [49] . Besides, calcium signaling in platelets is associated with peripheral artery disease in type2 diabetes [50] .
Inhibited platelet activation was found by Witters and colleagues who analyzed bile duct ligated rats as well [51] . The authors provided evidence for ADP-degrading enzymes that inhibit platelet activation upon cholestasis in rats. In contrast to the results presented here they found normal intrinsic platelet activation. In this study flow cytometric analysis of platelet activation was performed in washed blood. We found defective platelet activation under these conditions suggesting that intrinsic platelet activation is responsible for defective thrombus formation and bleeding complications in mice. These results were supported by high levels of phospho-VASP that might be responsible for defective intrinsic platelet activation upon cholestasis in mice.
Another key regulator of cholestasis is sphingosine 1 phosphate (SIP) that regulates pathological changes during cholestasis [52] . S1P mediates the homing of bone marrow cells and thus plays an important role in cholestasis induced liver fibrosis. Moreover, sphingosine 1 phosphate [53] signaling is essential in the clotting system and is released by platelets. Thus, S1P might play an important role in cholestasis-induced alterations of platelets. However, further studies in future are needed to analyze if S1P in platelets plays a role in platelet activation defects and impaired hemostasis upon cholestatic liver disease.
As shown in Table 2 , cholestatic liver injury is accompanied by increased levels of bilirubin. Bilirubin was shown to trigger anemia 21 days after BDL in mice by inducing erythrocyte death [28] . Here we also found decreasing numbers of erythrocytes 7 days post BDL by trend (not significant). Furthermore, bilirubin is discussed as anti-thrombotic agent as patients suffering from Gilbert's syndrome (GS) display hyperbilirubinemia with remarkable reduced risk of mortality from cardiovascular disease [54] . Bilirubin inhibits platelet activation and potentially organ infarction by an increased antioxidant status that might also play a role in cholestatic liver disease. Thus, bilirubin might be another mechanism for reduced platelet activation upon BDL in mice. Further studies are needed to gain insight in bilirubin mediated effects on platelet activation and thrombus formation, especially under cholestatic conditions.
In conclusion, we demonstrate that high NO, PGI 2 and tPA/plasmin plasma levels derived from altered endothelial cell signaling in cholestatic mice and increased bile acids induce platelet activation defects. These defects translated into reduced thrombus formation under flow ex vivo and defective hemostasis in BDL mice. Further studies in patients are needed to explore if cholestatic liver disease induces alterations in hemostasis with bleeding complications or hypercoagulability.
